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Isolation of genes identified in mouse renal proximal tubule by
comparing different gene expression profiles. An expression profile is a
list based on a large scale sequencing of 1000 cDNA clones, showing the
expressed genes and the abundance of their transcripts in a given cell or
tissue (Okubo K et al: Nature Genet 2:173, 1992). We constructed an
expression profile of mouse renal proximal tubules (PT) carefully isolated
by microdissection in order to characterize its gene expression. Altogether
1000 clones were analyzed; there were 646 types of transcripts in PT,
among which 196 were identical or homologous to the previously reported
genes. The most abundant transcript was kidney-androgen regulated
protein. By comparing the expression profile of PT with those obtained
from other sources, several genes were identified only in PT. They
included known transcripts and transcripts that were not homologous to
the known genes. Three (GS4001, 3991 and 4059) of the non-homologous
genes were analyzed by Northern blotting and in situ hybridization, and
GS4001 and 4059 were predominantly expressed in the kidney, whereas
GS3991 was detected in the liver as well as in the kidney. The sequence
analysis of the full-size cDNAs demonstrated that GS4001 was a new
member of aspartic proteinases and GS4059 was a novel gene. It also
revealed that GS3991 was a mouse homologue of SA gene known to be
expressed in PT. The expression profile of mouse PT and its comparison
with those of other tissues and cells provide an alternate way of isolating
genes predominantly expressed in PT, and also provides probes to study
the molecular mechanisms of gene expression in the kidney.
The kidney plays an important role in maintaining the milieu
interieur. It exports and imports a large volume solutes and water
in response to various physiological conditions. A human kidney
consists of one million nephrons that are functionally divided into
nephron segments. Each nephron segment has been known to
show distinct and specific functions [1]. The unique functions of
the kidney are specified and maintained by the expression of the
nephron segment-specific transcripts as well as commonly ex-
pressed genes. Recently, nephron segment-specific cDNAs have
been cloned, for example, thiazide-sensitive NaCl cotransporter
[2, 3], epithelial sodium channel [4, 5], renal Na1-K1-2Cl2
cotransporter [3, 6], and aquaporin-2 [7]. It has been demon-
strated that mutations in some of those genes caused hereditary
disorders, such as Gitelman’s syndrome [8], Liddle’s syndrome [9,
10], pseudohypoaldosteronism [11], Bartter’s syndrome [12] and
the autosomal recessive form of nephrogenic diabetes insipidus
[13]. Thus, analysis of gene expression of each nephron segment
and isolation of segment specific cDNAs should lead us to a
greater understanding of the molecular basis of renal physiology
and pathophysiology.
We developed a method called expression profiling of active
genes, in which the mRNA population in a given tissue is
described quantitatively by sequencing randomly selected clones
from a 39-directed cDNA library that faithfully represents the
mRNA composition [14, 15]. In this strategy, recurrence of the
same sequence represents the abundance of corresponding tran-
scripts in mRNA, since abundant transcripts have higher chance
of being isolated. The proportional relationship between recur-
rence in the library and the abundance of transcripts have been
tested in several occasions, and the implications of the profiles
have been discussed [14, 15]. One of the important applications of
expression profiling is finding genes that are uniquely active in
each tissue by comparing profiles obtained from several tissues.
This article describes the expression profiles of active genes in the
proximal tubule (PT) where approximately 50 to 60% of the
glomerular filtrate are reabsorbed [1], and an isolation of three
cDNAs that were predominantly expressed in PT.
METHODS
Microdissection of mouse proximal tubule
Proximal tubules were isolated from eight-week-old C57B/6
male and female mice weighing from 23 to 26 g as described by
Moriyama et al [16]. After anesthesia, the mice were sacrificed by
decapitation. The kidneys were flushed with 3 ml of dissection
solution (at 4°C, containing 135 mM NaCl, 1 mM Na2HPO4, 1.2
mM Na2SO4, 1.2 mM MgSO4, 5 mM KCl, 2 mM CaCl2, 5.5 mM
glucose, and 5 N-2-hydroxyethylpiperazine-N9-29-ethanesulfonic
acid, pH 7.4). A small cortical fragment was incubated at 37°C for
30 minutes in the same solution containing 1 mg/ml collagenase
and 1 mg/ml bovine serum albumin. This fragment was transferred
to a microdissecting dish cooled to 4°C, and the proximal tubules
containing S1, S2 and S3 cells were then collected. The total
length of isolated proximal tubule was estimated to be about 180
mm.
Library construction and sequencing
RNA were prepared from microdissected proximal tubules,
livers, decidua and NIH 3T3 cells by the acid guanidine phenol
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chloroform method [17]. Construction of the 39-directed cDNA
libraries and transformation into E. coli were as described [15].
Briefly, cDNA was synthesized using a pUC19 based vector
primer, digested by MboI that was a dam-sensitive four-base
cutter, circularized, and transformed into E. coli. Starting from 2
mg of cytoplasmic poly A1 RNA and 2 mg of vector primer, about
2 3 107 transformants were obtained using competent DH5 cells
with an efficiency of 109 colonies/mg of plasmid [14]. We randomly
picked up 1000 clones among them. The transformant colonies
were cultured in 96-well plates. Inserted cDNA were amplified
with flanking primers and cycle sequenced.
Data analysis
The poly(A) tail was eliminated from the sequencing data after
checking the chromatographic profiles, leaving three A’s as a
marker. The sequence 59 flanking to the MboI site (GATC) was
removed. The sequence data having inserts less than 20 bp or
those having more than 5 ambiguous bases (N) within the initial
100 bases were removed from the data. The sequences of the
remaining clones were truncated where the N content exceeded
5%. The resulting sequences are referred to as GS (gene signa-
ture) [18], and compared to each other using the FastA program.
If the overlapped region that had more than 90% homology
started at the first base in both and exceeded 90% of the length of
the shorter of the pair, the two sequences were considered
identical. Because 5% ambiguity was allowed in the qualification
step, the value of 90% was used. The sequence that had the lowest
content of ambiguous bases was chosen as the representative
within the group of the same GS. All of the representative GS
were searched against GenBank using the FastA program. Those
that had over 80% similarity of the entire GS sequence to the 39
end of the mRNA entries or to the reported terminal exon of the
genes were regarded as representing the corresponding genes.
When the analysis of mouse proximal tubules was started, we
already had over 3000 GSs. Thus, the final list of PT profiles
contained more than 4000 GSs. If the clone identified in proximal
tubules had the same sequence as a previously deposited GS, the
same GS number was used. We have characterized three clones
(GS4001, GS3991 and GS4059) that were identified only in the
profile of PT, and they were longer than 200 bp to prepare the
probes by a random primer method.
Northern blot analysis
Ten micrograms of the total RNAs isolated from mouse lung,
brain, liver, spleen, skeletal muscle, testis and kidney with the
modified acid guanidine phenol chloroform method [17] were
fractionated on formaldehyde-agarose gel and transferred to
nylon membrane Hybond N1 according to the manufacturer’s
protocol (Amersham). Then they were hybridized with 32P-
labeled GS fragment probes prepared by random primed labeling
system (Gibco BRL). Filters were washed in 0.1 3 SSC-0.5% SDS
for 15 minutes at 65°C twice and exposed to Kodak AR-5 with an
intensifier screen at 280°C for one day.
cDNA library screening
The l ZIPLOX mouse kidney cortex cDNA library, which was
constructed with the SuperScript lambda system (Gibco BRL)
using l ZIPLOX arms, was screened. Double-stranded plasmid
Table 1. Expression profies of renal proximal tubule, liver, decidua and NIH3T3 cells
GS L D 3T1 3T2 PT Acc # sim ML size Definition
3978 17 M22810 91.4 93 98 Kidney androgen-regulated protein mRNA
3591 9 16 L08059 95.2 84 89 Mus musculus gamma phosphorylase
kinase g-subunit (PHKG)
84 2 3 1 1 7 J03941 94.5 329 332 Ferritin heavy chain (MFH)
471 5 5 X51942 97.8 46 54 Phenylalanine hydroxylase (EC 1.14.16.1)
4045 5 33
98 1 12 1 4 X61431 95.5 202 322 Diazepam-binding inhibitor
230 3 5 14 8 4 X06407 99.5 190 196 21 kDa polypeptide under translational
control
441 1 1 2 4 X52940 98.6 70 78 COX7c1 cytochrome c oxidase VIIc (EC
1.9.3.1)
4001 4 220
75 1 3 M29462 96.7 333 333 Malate dehydrogenase
124 2 1 2 1 3 X70847 98.6 286 286 Adenine nucleotide translocase
316 1 2 5 3 3 X51537 91.3 126 151 Rat ribosomal protein S20
372 1 2 3 X06086 96.5 198 205 Major excreted protein (MEP)
502 1 5 6 3 U11248 100 33 38 C57BL/6J ribosomal protein S28
719 2 3 3 3 M93980 97.3 224 279 24.6 kDa protein
849 9 1 3 3 X53377 94.8 194 194 R. rattus ribosomal protein S7
1030 1 2 2 3 D21252 99.7 312 313 Mouse OSF-3
1130 5 11 3 X15267 99.1 211 361 Acidic ribosomal phosophoprotein PO
3251 1 3 45
4079 3 X06342 91 189 199 Prostatic secretory glycoprotein (p12)
4091 3 L16919 93.6 391 402 3-beta-hydroxysteroid dehydrogenase/d-5-d-
4 isomerase mRNA
4063 3 M29853 85.4 287 287 Rat cytochrome P-450 isozyme 5 (P450
IVB2) mRNA
3991 3 274
4096 3 97
Abundant gene signature (GS) appearing more than three times in liver (L), decidua (D), NIH3T3 cells (3T1 and 3T2) and proximal tubule (PT) are
listed in the descending order of occurrence in the proximal tubule (PT) library. Abbreviations are: Acc#, accession number; sim, similarity; ML, match
length.
Takenaka et al: Expression profile of mouse proximal tubule 563
Table 2. Genes identified in proximal tubule and their abundance
GS L D 3 31 PT Acc # sim
sim
size size gene name
Ribosomal proteins
230 3 5 14 8 4 X06407 100 190 196 21 kDa polypeptide under translational control
316 1 2 5 3 3 X51537 91 126 151 Rat ribosomal protein S20
502 1 5 6 3 U11248 100 33 38 C57BL/6J ribosomal protein S28 mRNA, complete cds
849 9 1 3 3 X53377 95 194 194 R. rattus ribosomal protein S7
1130 5 11 3 X15267 99 211 361 Acidic ribosomal phosophoprotein PO
245 2 2 2 2 2 X03475 97 141 184 Rat ribosomal protein L35a
493 1 2 4 3 2 M62952 100 36 54 Ribosomal protein L19, complete cds
419 1 2 10 1 1 Y00225 99 86 91 Murine J1 protein, yeast ribosomal protein L3 homologue
294 2 3 1 X15013 91 149 157 Rat ribosomal protein L7a
345 1 1 1 2 1 X14401 95 117 135 Rat ribosomal protein L34
416 1 1 1 1 M19635 91 91 96 Rat large subunit ribosomal protein L36a mRNA, complete cds
650 2 1 1 X77953 96 267 289 R. norvegicus ribosomal protein S15a
655 4 3 4 1 X15098 92 275 315 Rat ribosomal phosphoprotein P2
672 1 1 1 1 M76763 99 269 273 Ribosomal protein (Ke-3) mRNA, complete cds
766 3 3 1 M73436 97 176 180 Ribosomal protein S4 (Rps4) mRNA, complete CDS
799 1 2 1 K02933 94 148 156 Rat ribosomal protein S17 mRNA, complete cds
1161 1 1 2 1 X05021 96 172 187 Murine mRNA with homology to yeast L29 ribosomal protein gene
1897 4 3 1 X73829 97 63 79 Ribosomal protein S8
4099 1 K01365 96 73 75 Mouse 18S-5.8S-28S rRNA gene internal transcribed spacers 1 & 2
445 1 2 10 4 1 X71972 97 73 79 M. musculus MRP S24 gene
1330 1 7 2 X77398 89 55 59 R. norvegicus (Sprague-Dawley) ribosomal protein S23 mRNA
Elongation factors
297 2 1 2 1 M81088 93 347 348 Rat EF-1-alpha mRNA, 39 end
3764 1 1 X03040 92 215 217 Initiation factor eIF-4A long form
3785 1 1 M61731 100 227 228 Translation initiation factor 4E (eIF-4E) mRNA, complete cds
Protease/protease inhibitor
756 1 S69034 93 181 187 Cathepsin B
372 1 2 3 X06086 97 198 205 Cathepsin L
4079 3 X06342 91 189 199 Prostatic secretory glycoprotein
1403 2 Z31358 92 196 339 Similar to tissue inhibitor metalloproteinase-3
889 3 1 X59379 99 204 205 Amyloid beta precursor (protease nexin II)
4276 1 M88601 87 47 50 Rat meprin beta-subunit mRNA (endopeptiase)
Heat-shock proteins
1674 3 3 2 M36829 100 113 116 Heat-shock protein hsp84 mRNA
68 1 3 1 M11942 93 339 341 Rat 70 kDa heat-shock-like protein mRNA, complete cds
1422 1 J04633 93 327 328 Heat-shock protein 86 mRNA, complete cds
Metabolic enzymes
84 2 3 1 1 7 J03941 95 329 332 Ferritin heavy chain (MFH) mRNA, complete cds
3591 9 16 L08059 95 84 89 Mouse gamma phosphorylase kinase gamma-subunit gene
471 5 5 X51942 98 46 54 Phenylalanine hydroxylase (EC 1.14.16.1)
441 1 1 2 4 X52940 99 70 78 COX7c1 cytochrome C oxidase VIIc (EC 1.9.3.1)
75 1 3 M29462 97 333 333 Malate dehydrogenase mRNA, complete
124 2 1 2 1 3 X70847 99 286 286 Adenine nucleotide translocase
4091 3 L16919 94 391 402 3-b-hydroxysteroid dehydrogenase/delta-5-a-4 isomerase mRNA
488 1 1 4 3 2 X68193 91 43 43 Nucleoside diphoshate kinase B
1364 1 2 X51905 100 28 31 Ldh-2 lactate dehydrogenase-B (EC 1.1.1.27)
7 1 1 S41066 91 288 292 Selenium-dependent glutathione peroxidase
71 3 3 2 1 J05185 96 336 344 Protein disulfide isomerase (ERp59) mRNA, complete cds
138 2 1 X52625 90 268 266 Rat cytosolic 3-hydroxy 3-methylglutaryl coenzyme A synthase
204 1 1 D10854 97 297 301 Rat aldehyde reductase, complete cds
354 1 1 1 M25157 93 203 231 Rat Cu, Zn superoxide dismutase mRNA, complete cds
456 1 3 1 U13687 91 66 69 DBA/2J lactate dehydrogenase-A (LDH-A) mRNA, complete cds
515 2 1 M73714 100 19 28 Rat microsomal aldehyde dehydrogenase mRNA, complete cds
523 3 2 1 M21285 100 17 20 Mouse stearoyl-CoA desaturase gene, exon 6
843 2 2 2 1 J05277 99 132 132 Hexokinase mRNA, complete cds
945 1 X52379 93 54 57 Alpha-enolase (2-phospho-D-glycerate hydrolase) (EC 4.2.1.11)
1620 1 M31775 96 117 119 Cytochrome beta-558 mRNA, 39 end
2113 1 1 S63233 100 30 33 Phosphoglycerate mutase type B subunit
2780 1 M33934 98 44 44 IMP dehydrogenase mRNA, complete cds
3703 2 1 M86707 94 99 95 Homo sapiens myristoyl CoA:protein N-myristoyltransferase mRNA
4051 1 M88694 94 318 319 Thioether S-methyltransferase mRNA sequence
4082 1 M11307 99 136 136 Class I alcohol dehydrogenase (ADH-AA) mRNA, complete cds
4139 1 U00445 91 236 237 Glucose-6-phosphatase mRNA, complete cds
4254 1 X62595 93 308 313 Cyp2e1 (ethanol inducible P450)
4308 1 Y00309 94 162 181 Mouse LDH-A gene for lactate dehydrogenase-A
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Table 2. Continued
GS L D 3 31 PT Acc # sim
sim
size size gene name
4106 1 U04299 100 230 230 BALB/c mannosyl-oligosaccharide alpha-1,2-mannosidase mRNA
446 1 2 2 1 U06099 96 71 73 Rattus norvegicus thiol-specific antioxidant mRNA, complete cds
832 1 1 1 L10244 98 127 137 Spermidine/spermine N1-acetyltransferase (SSAT) mRNA
651 3 1 1 M26882 93 103 362 Human ubiquitin gene
3344 1 1 M73329 93 370 372 Phospholipase C-alpha (PLC-alpha) mRNA, complete cds
4063 3 M29853 85 287 287 Rat cytochrome P-450 isozyme 5 (P450 IVB2) mRNA, complete cds
95 1 2 M22030 89 301 314 Rat electron transfer flavoprotein (ETF) alpha-subunit DNA
2343 2 2 D28560 88 213 213 Rat mRNA for phosphodiesterase I and pyrophosphatase
45 1 1 1 1 X64897 85 325 328 B. taurus mRNA for MLRQ subunit of NADH
149 1 1 M59861 83 258 258 Rat 10-formyltetrahydrofolate dehydrogenase mRNA, complete cds
339 1 1 S61960 87 113 128 Cysteine conjugate beta-lyase [rats, kidney, mRNA, 1892 nt]
153 3 1 M86240 82 250 253 Rattus norvegicus fructose-1, 6-bisphosphatase mRNA, 39 end
370 2 1 V01223 87 110 112 Rat mRNA encoding aldolase, subunit type B
4049 1 J02954 86 290 307 Rat vitamin dependent calcium-binding protein, mRNA
4172 2 U12268 82 76 86 Rattus norvegicuscarbonic anhydrase V mRNA, complete cds
4098 1 Y00971 80 55 55 Human mRNA for phosphoriobosyl pyrophosphate synthetase
4272 1 L19437 89 62 65 Human transaldolase mRNA containing transposable element
Cytoskeletal/microtubule/vesicular transport-associated proteins
896 2 2 1 D00472 98 92 95 Cofilin, complete cds and flanks
1316 1 1 L29468 98 61 61 Cofilin isoform mRNA, complete cds
2620 1 2 2 U05333 96 270 270 Co-chaperonin “cofactor A’ associated with a & b-tubulin mRNA
1406 1 U05784 93 285 312 Rat microtubule-associated proteins 1A and 1B mRNA
2438 1 X14425 95 222 221 Profilin (actin binding protein)
4175 1 M98454 94 232 254 Villin protein mRNA
4220 1 K02243 90 272 289 Mouse alkali myosin light chains MLC1f/MLC3f pseudogene
3916 1 1 U14192 91 378 406 Rat general vesicular transport factor p115 mRNA, complete cds
Immunoglobin associated
653 2 M34163 91 95 96 Low affinity IgE receptor (Fc-epsilon-RII)
947 4 1 M69023 93 55 55 Human globin gene
2564 1 L23637 97 60 67 Mouse interleukin-8 receptor type B (IL-8rb) gene, complete cds
Growth factor related
1154 1 1 M33132 93 179 181 Human proliferating cell nucleolar protein P120 gene, exons 1-15
652 1 L02914 99 286 289 Growth factor-induced delayed early response protein, mRNA
4103 1 Y00467 91 141 195 Mouse complete TNF locus (TNF is tumor necrosis factor)
121 1 1 1 L19182 80 339 339 Human MAC25 mRNA, complete cds
4122 1 L10844 84 98 100 Human cellular growth-regulating protein mRNA, complete cds
Complement
115 2 1 M57890 98 283 293 Factor B mRNA, complete cds
Extracellular protein
3169 9 4 1 X13986 93 286 291 Minopontin (murine gene for osteopontin)
Signal transduction/kinase/phosphatase
779 2 1 Y00094 99 175 176 ras-related YPT1 protein
814 2 1 M19381 100 146 146 Calmodulin mRNA, complete cds
878 1 S68267 95 117 118 mek2 (MAP kinase/Erk kinase)
1326 1 2 1 D90163 100 56 56 Rat protein phosphatase-1a gene
2177 2 2 1 X15747 94 358 360 Mouse ypt1 gene for ras-related GTP-binding protein, exons 4-6
3109 1 1 X61940 94 94 96 A growth factor-inducible immediate early gene (3CH134)
4131 1 X52959 99 195 195 Casein kinase II beta subunit (EC 2.7.1.37)
1497 2 1 X75313 97 204 207 (C57BL/6) GB-like mRNA
4309 1 X53247 100 70 73 EN-7 mRNA (Ras gene family)
319 2 1 3 1 M84416 95 78 138 Rat 14-3-3 protein epsilon isoform mRNA, complete cds
546 1 2 1 D17614 96 136 139 Rat 14-3-3 protein theta-subtype, complete cds
4027 1 X16319 98 312 313 54K subunit of signal recognition particle
4234 1 Z11664 90 40 45 M. musculus mRNA for son of sevenless 2
Transporter/membrane proteins/receptor
393 1 1 2 J05287 100 101 106 Lysosomal membrane glycoprotein (LAMP-2) mRNA, complete cds
4109 2 L13732 93 59 79 Macrophage-specific integral membrane protein mRNA
4314 2 U22465 100 113 652 Mouse Na/Pi cotransporter
3205 3 2 1 M33581 91 21 33 P-glycoprotein (mdr1a) mRNA, complete cds
4014 1 X61433 100 56 56 Sodium/potassium ATPase beta subunit
4037 1 X15684 95 196 197 Liver-type glucose transporter protein
4026 1 L34260 100 212 213 mRNA (posible transmembrane protein), complete cds
4104 1 M64782 99 140 141 Folate-binding protein 1 (FBP1) mRNA, complete cds
4343 1 U12973 93 69 71 Rat osmotic stress-induced NaCl organic solute cotransporter
mRNA
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DNAs of the positive clones were rescued by following the
manufacturer’s procedure (Gibco BRL). DNA sequence was
performed by using an ABI 373A DNA sequencer (Applied
Biosystems).
In situ hybridization
In situ hybridization was done as described [19]. After perfusion
with 4% paraformaldehyde, the kidneys were placed in a solution
Table 2. Continued
GS L D 3 31 PT Acc # sim
sim
size size gene name
4187 1 M74897 99 223 354 Meprin A alpha-subunit (MEP-1) mRNA, complete cds
4077 1 M60847 94 225 227 Mouse lipoprotein lipase (LPL) gene, exon 10
194 1 2 1 L19737 97 255 291 H1 ATP synthase subunit c mRNA, complete cds
198 2 1 D90038 86 205 221 Rat liver 70-kDa peroxisomal membrane protein (PMP70) mRNA
1546 1 X75068 86 160 160 B. taurus mRNA for brain-derived voltage-dependent anion channel
1985 1 S45663 88 355 355 Synaptic glycoprotein [rats, brain, mRNA, 1178 nt]
3992 1 L23637 90 76 76 Mouse interleukin-8 receptor type B (Il8rb) gene, complete cds
4024 1 D13695 89 53 58 Mouse mRNA for ST2L protein, complete cds
4094 1 S70011 88 67 68 Tricarboxylate carrier [rats, liver, mRNA Partial, 2986 nt]
4136 1 X74832 90 59 67 R. norvegicus mRNA for acetylcholine receptor
4243 1 Y00305 81 32 32 Mouse MBK1 mRNA for mouse brain potassium channel protein-1
DNA or RNA binding proteins/Nuclear proteins
3674 1 1 L28010 91 265 259 Homo sapiens HnRNP F protein mRNA, complete cds
4033 1 D14014 91 22 25 Rat cyclin D1, complete cds
109 1 2 2 1 L19739 92 295 301 Homo sapiens TGF-b1 induced DNA binding protein, complete cds
4090 1 X63594 91 328 332 R. rattus RL/IF-1 mRNA (IkB)
4216 1 U02026 100 53 55 Mouse insulin-like growth factor binding protein 5 gene
4252 1 M60419 95 292 322 Y-box binding protein 1/DNA binding protein B mRNA
101 1 2 1 M18678 93 362 356 Mouse histone H3.3 pseudogene (MH-921), complete cds
606 1 X51416 80 240 240 Human mRNA for steroid hormone receptor hERR1
2347 2 1 1 M90357 87 148 148 Human basic transcription factor 3a (BTF3a) gene, complete cds
2545 1 X61147 95 173 174 Iron responsive element binding protein
3366 1 1 U07231 90 134 135 Human G-rich sequence factor-1 (GRSF-1) mRNA, complete cds
3372 1 1 1 M96982 82 114 125 Homo sapiens U2 snRNP auxiliary factor small subunit
4207 1 M85085 87 119 142 Human cleavage stimulation factor, complete cds
Unclassified
3978 17 M22810 91 93 98 Kidney androgen-regulated protein mRNA, complete cds
98 1 12 1 4 X61431 96 202 322 Diazepam-binding inhibitor
1030 1 2 2 3 D21252 100 312 313 Ostoblast specific factor 3 (OSF-3)
4157 2 X07266 99 102 117 Rat gene 33 insulin inducible polypeptide
57 1 1 1 L33416 96 383 384 (Clone p85) secreted protein mRNA, complete cds
80 1 1 L08395 94 287 330 Endogenous murine leukemia virus gag, pol, and env pseudogene
438 1 4 1 M33330 100 75 86 Insulinoma (rig) mRNA, complete cds
975 1 L29441 100 33 33 mRNA overexpressed in testicular tumor, complete cds
1228 1 3 3 1 M20632 99 112 117 LLRep3 protein mRNA from a repetitive element, complete cds
1497 2 1 X75313 97 204 207 Mouse guanine nucleotide binding protein related gene
1720 1 L15342 98 62 64 Mus musculus island (k , t)
4019 1 M97159 95 295 343 (clone pIL2) B1 dispersed repeat unit
4040 1 U11681 90 153 158 Rat rapamycin and FKBP12 target-1 protein (rRAFT1) mRNA
4095 1 D17444 92 387 391 Soluble differentiation-stimulating factor receptor
719 2 3 3 3 M93980 97 224 279 24.6 kDa protein mRNA
856 2 8 4 1 X51528 98 111 128 Mouse gene for tum-transplantation antigen P198
3986 1 S56599 96 98 98 AP56 (acetaminophen-binding protein)
4134 1 M81639 98 43 46 Rattus norvegicus stannin mRNA
4200 1 V00846 93 107 108 Mouse satellite head (k , t)
4261 1 M12600 99 206 207 Androgen regulated gene RP2, complete cds
4338 1 X59846 100 239 239 Growth arrest-specific (GAS 6) mRNA
269 1 1 1 1 D31767 88 242 248 Human mRNA for ORF
1139 1 1 1 J02897 83 198 198 Rat proteasome component C3 mRNA, complete cds
3124 2 1 M13095 89 184 184 Rat brain 0-44 mRNA, segment 2
3995 1 S68809 90 38 41 S100 alpha [rats, kidney, mRNA Partial, 433 nt]
4048 1 D11094 82 370 376 Human mRNA for MSS1, complete cds
4053 1 D17444 85 82 82 Mouse mRNA for soluble D-factor/LIF receptor, complete cds
4310 1 L18787 86 198 198 Praomys daltoni LINE 1 repeat including ORF1 gene, 59 end
4318 1 U02478 86 128 128 Human AF-6 mRNA, complete cds
4325 1 M37194 83 111 111 Rat clathrin-associated protein 17 (AP17) mRNA, complete cds
This Table does not contain 24 kinds of mitochondorial mRNA that were identified in the expression profiles. Abbreviations are: L, liver; D, decidua;
3 and 31, NIH3T3 cell; PT, proximal tubule; GS, gene signature; Acc#, accession number; sim, similarity.
Takenaka et al: Expression profile of mouse proximal tubule566
of 4% paraformaldehyde for two hours, and then 30% sucrose
overnight. Cryostat sections were mounted on siliconized slides.
The slides were fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer for 20 minutes. After washing with 0.1 M phosphate buffer,
the slides were treated with a solution of 10 mg/ml proteinase K in
50 mM Tris-HCl, pH 7.5, and 5 mM EDTA, pH 8.0, for one minute
at room temperature. They were postfixed in 4% paraformalde-
hyde and then treated with 0.25% acetic anhydride and 0.1 M
trietanolamine for 10 minutes. They were rinsed in phosphate
buffer (28 mM NaH2PO4, 72 mM Na2HPO4) and dehydrated in
increasing concentrations of ethanol. Inserts of GS clones were
isolated and subcloned to pBluescriptII (Strata Gene) to be used
as probes for the in situ hybridization. To make the 35S-labeled
sense or antisense cRNA probe, an in vitro transcription was
performed using T7 or T3 RNA polymerase after linearizing by
cutting with an appropriate restriction enzyme.
Tissue sections were prehybridized for one hour at 55°C in a
buffer (50% deionized formamide, 10% dextran sulfate, 0.3 M
NaCl, 13 Denhardt’s solution, 20 mM Tris-HCl (pH 8.0), 5 mM
EDTA (pH 8.0), 0.2% sarcosyl, 200 mg/ml salmon sperm DNA,
and 500 mg/ml yeast tRNA), and were hybridized for 24 hours at
55°C in the same buffer containing one of the 35S-labeled RNA
probes. The probe concentration was 1 3 106 cpm/200 ml per
slide. After hybridization, the sections were immersed in 5 3 SSC
at 55°C, rinsed in 50% deionized formamide, 2 3 SSC at 65°C for
30 minutes. After rinsing with RNase buffer [0.5 M NaCl, 10 mM
Tris-HCl (pH 8.0), 5 mM EDTA (pH 8.0)] three times for 10
minutes each at 37°C, the sections were incubated with 1 mg/ml
RNase A in RNase buffer for 10 minutes at 37°C. After rinsing in
RNase buffer for 10 minutes, the sections were washed in 50%
formamide, 2 3 SSC at 65°C for 30 minutes, rinsed with 2 3 SSC
and 0.1 3 SSC each for 10 minutes at room temperature,
dehydrated in alcohol, and air-dried. The slides were exposed to
Fig. 1. Northern blot analysis of GS4063 and
GS4079. Blots of ten mg each of total RNAs,
lung (lane 1), brain (lane 2), liver (lane 3),
spleen (lane 4), muscle (lane 5), testis (lane 6)
and kidney (lane 7) were hybridized with
32P-labeled GS4063 fragment (A) or with
32P-labeled GS4079 fragment (B).
Fig. 2. Northern blot analysis of GS4001, GS3991 and GS4059. Ten
micrograms of total RNA from various mouse tissue was applied to each
lane: lung (lane 1), brain (lane 2), liver (lane 3), spleen (lane 4), muscle
(lane 5), testis (lane 6) and kidney (lane 7). The filters were hybridized
with 32P-labeled probes of GS4001 (A), GS3991 (B) and GS4059 (C)
whose sizes were approximately 2.1 kb, 2.5 kb and 1.8 kb, respectively.
Fig. 3. In situ hybridization of GS4001, GS3991 and GS4059 in mouse
kidney. (A and B) Anti-sense and sense cRNA probes of GS4001,
respectively. (C and D) Anti-sense and sense cRNA probes of GS3991,
respectively. (E and F) Anti-sense and sense cRNA probes of GS4059,
respectively.
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x-ray film for three days and analyzed for the intensity of the
hybridization signal.
RESULTS AND DISCUSSION
Expression profile of proximal tubule
To study the genes expressed in mouse renal PT and their
relative amount of expression, mRNA isolated from PT was
analyzed by the procedure described in the Methods section. We
collected approximately 180 mm of PT by the microdissection
method [16] and prepared a non-biased 39-directed cDNA library
of PT. A total of 1000 transformant clones were randomly picked
up and analyzed by single-pass sequencing. Identical sequences
were regarded as a single GS, and the occurrence in each library
was counted. One thousand GS sequences were grouped into 646
species. Searching all of the GS against GenBank using the FastA
program revealed that 196 were identical or highly similar to the
previously reported genes. Data from the liver, decidua and
NIH3T3 cell line (K. Okubo et al, unpublished data) were
compared in this analysis (Tables 1 and 2). Three hundred
forty-three non-homologous genes were detected only in the
profile of mouse PT (data not shown).
Among the 646 types of transcripts, 24 genes were highly
expressed (3 times or more) and are listed in Table 1. Eight clones
were found only in the kidney proximal tubule. They are the
candidate genes whose products exert unique functions because
their high expression seems to be unique to the proximal tubule.
Four of them (GS3978, GS4091, GS4063 and GS4079) show
significant similarities with previously reported genes. The other
four sequences (GS4045, GS4001, GS3991 and GS4096) in Table
1 were the only ones showing both low or no homology and
selectively high expression in proximal tubule among 450 nonho-
mologous genes. The most abundant and specific gene expressed
in the renal proximal tubule was GS3978, that is, kidney andro-
gen-regulated protein. Kidney androgen-regulated protein (KAP)
already had been cloned [20] and has been shown to be highly
expressed in the mouse S3 region of the proximal tubule [21]. The
expression of the KAP gene was regulated by androgenic hor-
mones in the kidney cortex [20, 22], although its biological
Fig. 4. Alignment of the amino acid sequences
of GS4001, rat renin, human renin and mouse
cathepsin D. The predicted protein encoded by
GS4001 and the member of aspartic proteinases
are aligned. The boxed amino acid sequences
are the motifs for aspartic proteinase.
Table 3. Alignment of amino acid sequences of GS4001, renins and
cathepsin Ds
Mus R Rat R Hum R Mus D Rat D Chk D Hum D
GS4001 42 42 43 45 46 49 44
Each number shows percentage of identical amino acids aligned by the
DNASIS program (Hitachi). Abbreviations are: Mus, mouse; Chk, chick;
Hum, human; R, renin; D, cathepsin D.
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function is not yet known. GS4091 represented 3-beta-hydorxy-
steroid dehydrogenase/D-5-D-4 isomerase IV (3B HSD IV) [23],
whose expression has been shown to be limited in the cortical
region of kidney. GS4063 and GS4079 had similarities with rat
cytochrome P-450 IVB [24] and mouse prostatic secretory glyco-
protein [25], respectively. The expression of both genes has not
been described in the kidney, but has been in other tissues such as
the lung and the prostate [24, 25]. Neither tissue is included in the
lists of mouse expression profiles at present. Our Northern blot
analysis clearly demonstrated that they were predominantly ex-
pressed in the kidney (Fig. 1). These data suggested that highly
active genes, predominantly expressed in the proximal tubule,
were identified by comparing the expression profiles of different
tissues and cells on a computer.
All of the gene signitures (GSs) identified in GenBank except
mitochondrial genes are listed in Table 2 according to their
function(s). Several genes are active in different tissues and cells.
Many of them seem to represent genes that have housekeeping
functions, such as ribosomal proteins and metabolic enzymes
(Table 2). Several transporters and membrane proteins, such as
Na/Pi cotransporter (GS4314) [26], are identified in the expres-
sion profile. The proximal tubule has been shown histochemically
to contain a number of lysosomes. The richness in lysosomal
cathepsins (Table 2) is compatible with the previous finding that
Fig. 5. Alignment of GS3991 and rat SA gene.
The predicted protein encoded by GS3991 and
the rat SA gene is aligned and numbered on
the right.
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cathepsin B and L activity in the proximal tubules was higher than
in the other nephron segments [27]. Some housekeeping genes
were categorized as the PT-specific transcripts in Table 2. We
have only three expression profiles available for comparison at
present. Furthermore, the thousand clones that we analyzed in
this experiment is a relatively small sample compared to the
several hundred thousand mRNA molecules that are believed to
be expressed in an average mammalian cell. This may cause a
failure in detecting highly active genes in the expression profile.
Scaling-up of the sequencing analysis and further expansion of the
list of expression profiles are necessary to avoid this inaccuracy.
Northern blot hybridization
There are several kinds of GSs that do not show any significant
similarity with known genes, but appear to be active and specific
to the renal proximal tubule. In order to confirm the unique
expression of these genes among a wider variety of tissues that are
not included in the comparison of expression profiles, Northern
blot analysis was performed with RNAs derived from the lung,
brain, liver, spleen, muscle, testis, and kidney (Fig. 2). We tested
the insert of GS4001, GS3991 and GS4059 that appeared 4, 3 and
2 times, respectively, only in the proximal tubule among the
expression profiles. As shown in Figure 2, the hybridizing signals
for all of these probes were detected almost exclusively in the
kidney. One exception was GS3991, which detected a considerable
amount of transcript in the liver. This level is presumably below
the limit of detection by randomly collected 1000 cDNA se-
quences from liver. Such a limitation will be ameliorated when the
number of GSs analyzed increases, as discussed above. GS4045
and GS4096 were highly active in proximal tubules (Table 1).
They, however, gave us no signal upon Northern analysis (data not
shown) probably because they were too short to prepare probes
using random primer method.
Localization of expression of GS4001, GS3991 and GS4059 in
the kidney
The expression of GS4001, GS3991 and GS4059 were localized
within the kidney by in situ hybridization using sense and antisense
riboprobes prepared from those clones. Mouse kidney sections
were used with the riboprobes labeled with 35S. The results
demonstrated the presence of hybridizing transcripts of GS4001
and GS3991 in the outer medulla and cortex of the kidney (Fig. 3).
The signal of GS4001 seems to concentrate in areas of medullary
rays. GS4059 was detected mainly in the cortex of the kidney and
also in the outer medulla.
Cloning of GS4001, GS3991 and GS4059
To isolate a full-length cDNA for GS4001, GS3991 and
GS4059, a l ZipLox cDNA library constructed from kidney cortex
mRNA was screened with the DNA fragment of three clones as a
probe. Approximately 5 3 105 clones were screened and several
positive clones were obtained for each probe. For GS4001, a clone
l7 having about a 1.9 kb insert was isolated and inserted cDNA
sequence was analyzed. It contained an open reading frame
coding for 419 amino acid protein whose calculated molecular
mass was approximately 45.5 kDa (Fig. 4). A database search
revealed that the deduced amino acid sequence of GS4001
showed a low similarity with aspartic proteases, such as renin and
cathepsin D (Table 3) whose activities were identified in kidney [1,
28]. The specific sequence motifs for aspartic proteinase [N-
terminal domain, hydrophobic(F)-DTGS; C-terminal domain,
hydrophobic-DTG(S/T)] [29] are identified in well conserved
arrangements of N-terminal and C-terminal domains, respectively
(Fig. 4). These results suggest that this clone is a new member of
a putative aspartic proteinase that is expressed in the kidney.
For GS3991, the longest clone, about 2.4 kb, was isolated and
characterized. This clone was translated into 579 amino acid
proteins that was highly homologous (approximately 88%) to the
rat SA gene [30], suggesting that this clone was a mouse homo-
logue of the SA gene (Fig. 5). The SA gene was originally cloned
from the kidneys of spontaneously hypertensive rats (SHR) by the
differential hybridization method [30]. The SA gene product is
expressed much higher in the kidney of SHR than in Wistar-Kyoto
(WKY) rats. This gene appears to cosegregate with an increase in
blood pressure in the SHR [31]. In situ hybridization revealed that
rat SA genes are localized in the proximal tubule [32]. Since the 39
non-coding region of human SA genes are shorter than that of
mouse SA genes, they did not show any significant similarities with
each other. The rat SA gene was not in the GenBank and EMBL
databases. This may explain the reason why we could not identify
GS3991 as a mouse SA gene originally.
Cloning of GS4059 demonstrated that this clone contained an
open reading frame of 300 amino acid proteins (Fig. 6). A
subsequent homology search revealed that this clone did not show
any significant similarity with previously reported genes. The
functional significance of these genes in the proximal tubule
remains to be determined.
We successfully applied expression profiles in analyzing genes
that were expressed in the renal proximal tubule. Our results
suggest that the profile is not only a simple database, but may also
Fig. 6. The deduced amino acid sequence of GS4059. GS4059 encoded a putative protein of 300 amino acids that are shown in the one-letter code.
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be a useful screening approach to identifying predominantly
expressed transcripts in the kidney. The identification of tissue-
specific genes has been performed in the past by subtracted cDNA
probes [33], by differential screening [34], and by differential
displays based on polymerase chain reactions [35]. A comparison
of the expression profiles of different cells and tissues on a
computer may provide us with an alternate way of isolating
tissue-specific genes and probes for the study of molecular
mechanisms of gene expression in the kidney.
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APPENDIX
Abbreviations used in this article are: 3beta HSD IV, 3-beta-
hydroxysteroid dehydrogenase/delta-5-delta-4 isomerase IV; bp,
base pairs; GS, gene signature; KAP, kidney androgen-regulated
protein; kb, kilobase; PT, proximal tubule; SHR, spontaneously
hypertensive rats; WKY, Wistar-Kyoto rats.
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